Lipopolysaccharide (LPS) is the major constituent of the outer membrane of gram-negative bacteria. In the case of gram-negative infection, LPS is the well-known activator of the humoral and cellular components of the host defense system. Activation of the host defense is essential to fight gram-negative infection, but uncontrolled stimulation can also result in the serious and life-threatening symptoms of septic shock (4) . Cellular activation requires CD14, which is expressed on monocytes, macrophages, and neutrophils, while CD14-negative cells, such as endothelial, epithelial, and smooth muscle cells, can be activated by LPS, via interaction of LPS with the soluble form of CD14 present in the plasma (sCD14) (2, 3, 17, 38) . Another important factor in plasma is LPS-binding protein (LBP), which is able to accelerate binding of LPS to (s)CD14 100-to 1,000-fold. LBP can also accelerate movement of LPS to high-density lipoproteins, which neutralizes the capacity of LPS to stimulate cells (29, 39) . Other LPS-binding proteins, such as bactericidal/permeability-increasing protein (BPI), cationic protein 18 (CAP18), and CAP37, are known to play a role in LPS-mediated effects. These are microbicidal proteins found in the azurophilic granules of neutrophils that function primarily intracellularly and at focal sites of inflammation.
Recently we described a new LPS-binding protein in human plasma (8) . This protein, serum amyloid P component (SAP), belongs to the family of pentraxins. It is a decameric serum glycoprotein composed of identical 25.5-kDa subunits noncovalently associated in two pentameric rings interacting face to face. SAP is associated with all forms of amyloid deposits, including amyloid deposits in Alzheimer's disease. Reports about the involvement of SAP in the persistence of amyloid deposits are contradictory, demonstrating its contribution to amyloidosis by stabilizing the deposits (5, 13) but also showing its inhibition of the formation of Alzheimer ␤-peptide fibrils (24) . In mice, SAP is an acute-phase reactant, but in humans SAP is constitutively present in serum at 40 g/ml, with a maximum twofold increase during sepsis (15, 33) . Although its exact physiological function is still unclear, it is believed to play a role in the binding and clearance of host-or pathogenderived cellular debris at sites of acute inflammation (15) . SAP was demonstrated to bind all forms of LPS via the lipid A part of the molecule. Moreover, SAP was able to neutralize the biologic effects of LPS in several assays, although only at low concentrations of LBP and not in the presence of serum or in human blood. A peptide comprising amino acids 27 to 39 of the SAP sequence, called pep27-39, was identified as an LPSbinding motif within the SAP protein. In the literature, this peptide, or pep27-38, was reported to interfere with the binding of SAP to heparin and C4b-binding protein (14, 19, 27) and to support cell attachment (9) . Pep27-39 was found to bind to LPS and to inhibit the LPS-induced responses in human phagocytes in the presence of serum and also in human blood.
In this study we used a panel of overlapping 15-mer peptides of SAP to look for additional LPS-binding regions within the SAP protein.
MATERIALS AND METHODS
Reagents. LPS from Salmonella minnesota R595 (ReLPS) was obtained from Sigma Chemical Co. (St. Louis, Mo.). Recombinant human LBP was a generous gift from H. Lichenstein (Amgen, Boulder, Colo.).
Synthetic peptides. The sequence of SAP (amino acids 1 to 204) was divided into 39 different 15-mer peptides that progressed along the SAP sequence by initiating a new peptide every sixth amino acid. Peptides were prepared by automated simultaneous multiple peptide synthesis, set up by using a standard autosampler (Gilson 221) as described previously (37) . Briefly, standard 9-fluorenylmethoxycarbonyl chemistry with in situ PyBop/N-methylmorpholine (Novabiochem, Laufelfingen, Switzerland) activation of the amino acids in a fivefold molar excess with respect to 2 mol/peptide PAL-PEG-PS resin (Perseptive Biosystems, Framingham, Mass.) was used. Peptides were obtained as C-terminal amides after cleavage with 90 to 95% trifluoroacetic acid-containing scavenger cocktails. Most peptides were dissolved in distilled H 2 O to a concentration of 5 mM; others were dissolved in a mixture of dimethyl sulfoxide, 60% acetonitrile, and 8 M urea or 8 M urea acidified with acetic acid to a similar concentration. All peptides were further diluted in 0.25 M Tris-HCl (pH 7.5) to a concentration of 0.6 mM. Before use in biological assays, the peptides were diluted in Hanks' balanced salt solution (HBSS) containing 0.2% human serum albumin (HSA; Central Laboratory for Blood Transfusion, Amsterdam, The Netherlands). SAP-derived peptide pep186-200 was also synthesized in larger quantities by Isogen Bioscience (Maarssen, The Netherlands) for protection experiments using mice.
Cell isolation. Human neutrophils and peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood drawn from healthy volunteers as described elsewhere (35) .
Binding of FITC-LPS to human monocytes. Fluorescein isothiocyanate-labeled recombinant LPS (FITC-LPS) was prepared as described elsewhere (34) with a molar labeling efficiency of 1:1. For FITC-LPS binding studies, FITC-LPS (2.5 ng/ml) was preincubated with increasing amounts of peptides (0 to 30 M) for 30 min at 37°C in HBSS containing 0.2% HSA. Thereafter, LBP (10 ng/ml) and PBMC (6 ϫ 10 6 /ml) in the same buffer were added to a final volume of 50 l. The mixture was gently shaken for 30 min at 37°C and put on ice. Binding of FITC-LPS to monocytes was analyzed on a FACScan, using forward and sideward scatter parameters to distinguish monocytes from lymphocytes. LPS-induced priming of human neutrophils. The procedure was described in detail elsewhere (35) . Briefly, freshly isolated neutrophils (10 5 /ml) were added to a mixture of LPS (1 ng/ml) alone or with increasing amounts of peptides (0 to 30 M) in the presence of LBP (10 ng/ml in HBSS-2% HSA). LPS and peptides were preincubated for 30 min at 37°C before cells were added. Cells were incubated with the mixtures for 30 min at 37°C under constant agitation. Next, chemiluminescence response was measured in a luminometer (Autolumat LB 953; Berthold GmbH & Co., Wildbad, Germany) after automated injection of N-formyl-methionyl-leucyl-phenylalanine (fMLP; final concentration of 1 M) and HBSS containing 180 M luminol (Sigma). In a whole blood assay, LPS (1 to 10 ng/ml) was preincubated in a volume of 20 l with or without 0 to 30 M peptides for 30 min at 37°C. Thereafter, 80 l of human heparinized blood was added and agitated for 30 min at 37°C. Next, 900 l of PBS-0.05% glucose was added, and 100 l was used to measure the chemiluminescence response in a luminometer as described above. The chemiluminescence response was measured automatically over a period of 10 min. Data were analyzed with the AXIS software package (ExOxEmis, San Antonio, Tex.). Curves were obtained for all samples presenting the chemiluminescence response in counts per minute versus time. Absolute counts are obtained by calculating the area under the curve of the chemiluminescence for 10 min. In some experiments, 1 nM recombinant tumor necrosis factor alpha (TNF-␣; Sigma) was used to prime blood for an enhanced fMLP response in the presence of peptides.
Heparin affinity chromatography. About 60 g of peptide in 100 l of TrisHCl (pH 7.2) was loaded onto a heparin-Sepharose column (Pharmacia), using the Pharmacia FPLC system. A linear NaCl gradient of 0 to 1 M over 20 ml (0.5 ml/min) was used to elute peptides from the column. The molarity of NaCl at which peptides eluted was used as a measure to compare heparin-binding affinities of different tested peptides.
Animal protection experiments. Actinomycin D-sensitized BALB/c mice were used in lethality experiments to test the potential of SAP-derived peptide 
RESULTS

Synthetic 15-mer SAP peptides.
To investigate what part of the SAP sequence was responsible for binding to LPS, we synthesized and tested a panel of overlapping 15-mer peptides. All peptides were analyzed by reverse-phase high-pressure liquid chromatography and contained one major peak accounting for more than 75% of the peak areas in the sample (data not shown).
Inhibition of binding of FITC-LPS to human monocytes by SAP-derived peptides. Testing the synthetic 15-mer SAP peptides showed that several peptides within the SAP sequence were able to prevent the binding of FITC-LPS to human monocytes (Fig. 1) . The most active peptides were pep26-40, pep31-45, pep41-55, pep61-75, and pep186-200, with more than 50% inhibition at a concentration of 3 M. To evaluate the relative potency of these SAP peptides, a 15-mer BPI peptide comprising amino acids 85 to 99 (BPI/pep85-99) was also tested for its capacity to inhibit binding of FITC-LPS to monocytes. BPI/pep85-99 is described as a highly potent LPSbinding and -neutralizing peptide. Comparison of 50% inhibitory concentrations (IC 50 s) of the peptides (Table 1) shows that pep186-200 was the most active, even more active than the BPI peptide, in preventing the FITC-LPS binding to monocytes. To exclude the possibility that the peptides prevented binding of LPS to the monocytes via binding to the monocytes itself, control experiments were performed with all active peptides. Therefore, PBMC were preincubated with each peptide for 30 min and washed three times to remove unbound peptide. Subsequent incubation of the PMBC with FITC-LPS followed by FACScan analysis showed that preincubation of PBMC with all peptides did not inhibit binding of FITC-LPS to monocytes. SAP-derived peptides pep61-75 and pep186-200 inhibit the LPS-induced oxidative burst in human blood. To evaluate the effects of the SAP peptides in a functional assay, we tested the capacity of SAP peptides pep61-75 and pep186-200 and BPI/ pep85-99 to inhibit the LPS-induced priming of human neutrophils. Isolated neutrophils were primed with LPS (1 ng/ml) for an enhanced fMLP response in the presence of LBP (10 ng/ml) for 30 min. Figure 2 shows that addition of all three peptides resulted in a dose-dependent inhibition of the LPSinduced priming. Pep61-75 had an especially potent LPS-inhibiting effect, with an IC 50 of 0.2 M; IC 50 s of pep186-200 and BPI/pep85-99 were 3 and 4 M, respectively. However, when neutrophils were primed with TNF-␣ instead of LPS, as a control for nonspecific effects, pep61-75 showed considerable higher inhibitory effects at the highest concentrations compared to pep186-200 and BPI/pep85-99. The effect of the SAP peptides on the LPS-induced priming of phagocytes was also studied in the presence of human blood. Figure 3 shows that both SAP peptides pep61-75 and pep186-200 were very potent in inhibiting the LPS-induced priming of phagocytes in the complex environment of human blood, with comparable IC 50 s of 5 M. Both peptides did not show any effect on the oxidative burst when whole human blood was primed with TNF-␣ instead of LPS, indicative for the lack of toxic effect of the peptides on the phagocytes in the presence of human blood. Scrambled peptides of both pep61-75 and pep186-200, comprising the same amino acids in a random order, showed no effect on the LPS-induced priming of whole human blood (data not shown). As pep186-200 appeared to be the most promising LPS-neutralizing SAP peptide, exhibiting less toxic effects, we tested the ability of this peptide to inhibit higher concentrations of LPS. Figure 4 shows that 30 M pep186-200 was still able to inhibit the LPS-induced priming of phagocytes up to 50% when human blood was primed with 10 ng of LPS per ml.
Binding of LPS-binding peptides to heparin. Binding of the LPS-binding SAP-derived peptides to heparin was analyzed by heparin affinity chromatography. The NaCl concentration at which the peptides eluted from a heparin-Sepharose column were determined and used as an indicator for affinity. BPI/ pep85-99, used as a control, heparin-binding peptide, eluted from the column at 0.45 M NaCl, while SAP-derived peptides pep27-39 and pep186-200 eluted at 0.15 M NaCl. Pep61-75 showed no binding affinity for heparin. Scrambled peptides of pep27-39 and pep186-200 were also tested for heparin-binding capacity, and both showed elution patterns comparable to those of the original peptides.
SAP-derived peptide pep186-200 protects mice from LPSinduced septic shock. To investigate the effectivity of the SAPderived peptides in vivo, we tested whether pep186-200 was able to inhibit LPS-induced septic shock in actinomycin Dsensitized mice. Kaplan-Meier plot clearly shows a prolonged survival of the mice receiving ReLPS together with pep186-200 compared to ReLPS alone (Fig. 5) .
DISCUSSION
In this study we show that three regions within the SAP protein are able to bind LPS with LPS-neutralizing activities. We demonstrated in an earlier study that one of these three LPS-binding regions, comprised of amino acids 26 to 40, was involved in the binding of LPS. At that time a 13-mer SAPderived peptide, pep27-39, was shown to bind to LPS with the capacity to neutralize LPS in the complex environment of human whole blood (8) . In the present study, pep26-40 showed LPS-binding and -neutralizing activities comparable to those of pep27-39.
In this study, two other regions within the SAP protein were identified as LPS-binding regions. SAP-derived peptides pep61-75 and pep186-200 inhibited the binding of FITC-LPS to human monocytes as efficiently as the previously described BPI/pep85-99 (26) . Moreover, both SAP-derived peptides also inhibited the LPS-induced oxidative burst of phagocytes in the presence of human blood. In the presence of only buffer containing LBP, both peptides had toxic effects on isolated neutrophils. However, these toxic effects were not evident when the peptides were tested in whole blood. Both pep61-75 and pep186-200 showed IC 50 s comparable with that of the previously reported SAP-derived peptide pep27-39 when used in its carboxamidomethylated form. Thus, we identified three SAPderived peptides capable of inhibiting the LPS-induced oxidative burst of phagocytes in the complex environment of human It seems strange that three regions within SAP are capable of inhibiting LPS-induced toxic effects. In Fig. 6 the approximate positions of the three LPS-binding regions within the SAP decamer are schematically drawn. The pep27-39 sequence within the SAP molecule appears not to be readily available for LPS binding, as it is partly situated on a ␤-strand under a short ␣-helix on the A-face of the SAP molecule (13) . The pep61-75 and pep186-200 sequences are situated on the B-face of the SAP molecule, the presumed ligand-binding site of SAP (13) . Thus, both the pep61-75 and pep186-200 sequences seem to be situated at a position within the SAP molecule that can readily be reached by LPS. Site-directed mutagenesis experiments within these three regions of SAP will be needed to elucidate the contribution of each of the regions in SAP binding to LPS. SAP is not the only LPS-binding protein with more than one recognized LPS-binding region; for BPI also, three regions are described as contributing to the total biological activity of the molecule against LPS (26) . In addition, two LPS-binding regions have been found for lactoferrin (Lf) and reported to cooperate in the binding of Lf to LPS (28) .
We showed in an earlier study that SAP is an LPS-binding protein with neutralizing capacities. SAP is also reported to bind heparin. This places SAP among other LPS-binding and -neutralizing proteins with heparin-binding capacities. For BPI, CAP18, CAP37, and Lf, the LPS-binding regions have also been demonstrated to bind heparin (21, 26, 31, 36) . In addition, apolipoproteins B and E (Apo B and E), also LPSbinding proteins with neutralizing capacities (12, 32) , are reported to bind heparin (7), although it is not known whether these LPS-and heparin-binding regions overlap. In the case of SAP, two regions were found to bind LPS and heparin. SAPderived peptide pep27-39 was previously found to bind heparin (19) . The second LPS-binding peptide, pep186-200, partly overlaps a region within SAP, comprising amino acids 192 to 204, described to bind heparin (18, 19) . Using heparin-Sepharose affinity chromatography, we showed that pep186-200 indeed bound heparin to the same extent as pep27-39. There seems to be a high resemblance between SAP and other LPSbinding proteins in that their LPS-binding regions also bind heparin. However, on the basis of sequence homology between these LPS/heparin-binding regions, SAP shows no resemblance with any of these regions of other LPS-binding proteins. Table 2 shows the heparin-and (proposed) LPS-binding regions of several LPS-binding proteins. Recently consensus binding sites for heparin-binding proteins have been described (7, 20) . For example, BPI and CAP18, in contrast to pep27-39 and 186-200, show a high degree of structural similarity between the cationic/hydrophobic motif of LPS-binding molecules and the known consensus sequences of heparin binding proteins: XBBXBX or XBBBXXBX, where B is a basic amino acid and X is any amino acid, mostly hydrophobic (22, 23, 25, 26) . The BPI peptide used in this study as a positive control for LPS binding and neutralization is one of the described LPSand heparin-binding peptides showing high similarity to these consensus heparin-binding sequences (26) . Also the LPS-binding proteins Apo B and E show alternating basic and hydrophobic amino acids resembling both heparin-binding consensus sequences (7, 20) . Although the LPS-binding regions within Apo E and B have not been defined yet, we hypothesize them to be situated in the described heparin-binding sites of the molecules. For Lf, a small heparin-binding domain containing alternating basic and hydrophobic amino acids has been described. The same domain was also involved in the binding of Lf to LPS (10, 11) . Also, a second region within Lf is thought to be involved in heparin as well as LPS binding (11, 28, 36) . This region contains an N-terminal stretch of only four arginines, indicating in this case a major role of basic charged amino acids in the binding to heparin and LPS. Indeed, binding sites containing four contiguous basic amino acids were also predicted to recognize heparin (20) . A same N-terminal Arg 33 -Arg 36 cluster was found to play a major role in the binding of hepatocyte growth factor to heparin (1). However, not all described LPS-binding proteins or peptides possess these consensus heparin-binding sequences. A synthetic peptide, based on amino acids 20 to 44 of CAP37, is reported to bind and neutralize LPS in vitro and in vivo. However, although this peptide binds to heparin, it does not contain the consensus heparin-binding sequences (6, 30, 31) . While the whole CAP37 protein is strongly basic, the net charge of the CAP20-44 peptide is only ϩ2. The authors propose that the LPS-binding property of the CAP20-44 peptide is due to the combination of its hydrophobicity (56% of its amino acids), basic charge, and relatively small size (30) . Screening our pepscan of SAP-derived peptides for charge and hydrophobicity, we found six peptides with a net charge Ն2 and a hydrophobicity of Ͼ50% hydrophobic amino acids. Of the three SAP-derived peptides with LPS-binding capacities, only pep186-200 (two basic and 53% hydrophobic amino acids) belongs to this group of peptides. The remaining five SAP-derived peptides with a net charge of Ն2 and a hydrophobicity of Ͼ50% showed no LPS-binding activities. This finding indicates that charge and hydrophobicity are, at least, not the only factors determining LPS-binding capacity. Moreover, the scrambled pep186-200, containing the same amino acids in random order, showed no LPS-binding capacities, which implies that the sequence of amino acids also plays an important role in the LPS-binding capacities of the SAP-derived peptides. Also the small size of the peptides, improving access to the lipid A target, could play a role.
We show a protective effect of a 15-mer SAP-derived peptide, pep186-200, against LPS-induced septic shock in mice. Although eventually all mice died, mice receiving LPS preincubated with pep186-200 clearly demonstrated attenuation of lethality, which indicates a beneficial interventional influence on parameters that determine long-term survival and which may provide a window of time for other therapeutic support. For other LPS-neutralizing peptides derived from other LPSbinding proteins, it has been shown that increasing the length of a peptide markedly enhances its LPS-neutralizing effect (16) . Currently, we are investigating this possibility for pep186-200. The possibility of a peptide being able to protect against the severe clinical symptoms of LPS-induced septic shock is a promising development. Peptides are easily synthesized in large quantities at a low cost. The next step would be the development of peptoids (peptide mimics) that are resistant for degradation by proteinases in vivo, thus creating an LPSbinding compound with a prolonged half-life in vivo. Production of LPS-binding peptoids with LPS-neutralizing capacities would be a major step forward in the development of therapeutic agents against the severe clinical symptoms of septic shock.
